Introduction
Functional group interconversion is one of the most used techniques in drug synthesis. [1] The conversion of hydroxyl groups to their corresponding halidesi sa rguably one of the most versatile transformations,whichisoften followed by anucleophilic substitution. Therefore, this is one of the key research areasi n the synthesis of activep harmaceutical ingredients (APIs). [2] Chlorides are very interesting because of their abundance in nature and their low molecular weight. The synthesiso fc hloride derivatives from alcohols usually requires the use of chlorinating agents such as thionylc hloride, [3] phosphorus chlorides, [4] pivaloyl chloride, [5] Vilsmeier reagent, [6] tosyl chloride, [7] 2,4,6-trichloro- [1, 3, 5] triazine with DMF, [8] oxalyl chloride, [9] and phosgene. [10] Unfortunately,t hese chlorinating agents have high toxicities. [11] Moreover,a so nly ap art of the chlorinating agent molecule is used in the reaction, waste is generated in stoichiometric amounts, which leads to ap rocess that is not atom efficient or green. [12] The ideal process to convert primary alcohols to the corresponding chlorides is based on the reactiono fn eat alcohol with hydrogen chloride. This will maximize atom efficiency and result in water as the sole by product. Although possible, the handling of hydrogen chloride gas is challenging, especially on al arge scale. Hydrochloric acid can be used as an alternative. However,l ow to average temperatures need to be maintained to keep the solubility of hydrogen chloride in water sufficiently high. [13] Thus, reaction rates can only be increased to al imited extenti nb atch reactors. In contrast to batch reactors, microflow technology offers an excellent platform to enable this sort of processes. [14] [15] [16] [17] The absence of headspace and safe pressurization within microchannels helps to keep hydrogen chloride dissolved at high reactiont emperatures. Multiple examples of reactionr ate acceleration in microreactors under high temperature and pressure exist. [18] [19] [20] [21] In addition, the modularity of continuous-flow reactors allowst he construction of reaction networks tod eliver natural products [22, 23] and APIs [24] [25] [26] [27] [28] [29] in as afe, quick, and efficient way.
Several milestones have been reachedi nt he conversiono f alcohols to chlorides, that is, chlorodehydroxylation. Tundo et al. have described as olvent-free synthetic method, that is, gas-liquid phase-transfer catalysis (GL-PTC), in which ag aseous reagents flow through am olten phase-transfer catalyst supported on as olid. [30, 31] Microwave heating technology showed high efficiency in the field of chlorodehydroxylations. [32] Reid et al. combined the microwaveh eatingo fi onic liquidsa nd aqueous hydrochloric acid for ar ange of alcohols with and withouta dded catalysts. [32] Short-chain alcohols have been converted in highy ields and selectivityw ithin 10 min under pressurized microwavec onditions. The reaction rates were measured to be in the order of 100 times faster than nonmicrowaveh igh-temperature chlorodehydroxylations. Kappe et al. have extended the microwave heatingt echnology with hydrochloric acid to ac ontinuouslyo perating microchip-based flow setup. [33] The full conversion of n-butanol was obtained with three equivalents of hydrochloric acid, within 15 min residence time at 160 8Ca nd 20 bar.I ft he optimal conditions were applied to n-hexanol and n-decanol,t he reactivity decreasedw ith the increasedc hain length.
In this study,w ec onvert bulk alcohols into the corresponding chlorides, whicha re subsequently consumed in the continuous multistep synthesis of antiemetic agents and antihistamines, such as cyclizine, meclizine, ab uclizine derivative, and Cinnarizine, cyclizine, buclizine, and meclizine belong to af amily of antihistamines that resemble each other in terms of a1 -diphenylmethylpiperazinem oiety.W ep resent the development of af our-step continuous process to generate the final antihistamines from bulk alcohols as the starting compounds. HCl is used to synthesizet he intermediate chlorides in as hort reactiont ime and excellent yields. This methodology offers an excellent wayt os ynthesize intermediates to be used in drug synthesis. Inline separation allows the collection of pure products and their immediate consumption in the following steps. Overalli solated yields for cinnarizine, cyclizine, and ab uclizine derivativeare 82, 94, and 87 %, respectively. The total residence time for the four steps is 90 min with ap roductivity of 2mmol h À1 . cinnarizine. We extend the progress in the field of chlorodehydroxylation by applying milderc onditions on aw ide scope of substrates in the capillary reactor.T his offers ar obust and more accessible alternative to microchips, as well as greater versatility with regard to the production volumea nd rate. As ar esult of the high abundance of the benzylm oiety in APIs, we startedb yo ptimizing the conversion of benzyla lcoholt o benzylc hloride. The integration of an inline liquid-liquids eparator with the reactor afforded pure benzyl chloride, which was used readily in subsequentr eactions. Finally,w ed emonstrate astep-by-step procedure to perform afour-step continuous synthesis to prepare relevant APIs, such as cinnarizine, cyclizine,and ab uclizine derivative.
Results and Discussion

Synthesis of alkyl chlorides
The synthesis of chlorides started from similar conditions to those applied by Kappe et al.,i nw hich three equivalents of hydrochloric acid was used with 15 min as ar esidencet ime. [33] The results of the initial screening at 120 8Ca re shown in Ta ble 1. Already,8 8% of 1-chlorobutane was obtained in 15 min residence time. The extension of the residence time to 30 min increased the formationo fd ibutyl ether and resulted in ad ecrease in the yield to 77 %. For hexanol,t he reaction was slower,and longer residence times improved the yield.
As the benzylm oiety is widely used in API synthesis, our target compound was benzyl chloride. Under the same conditions, 100 %y ield of benzyl chloride waso btainedw ithoutt he formation of dibenzyl ether,a nd no any other byproducts were observed in the GC chromatogram with 15 min residence time. We speculated that the partial solubility of benzyl alcohol in water minimizes the mass transfer limitations. Moreover, as benzylc hloride has al ower solubility in water than benzyl alcohol, the equilibrium of the reaction shifts to the product side. Ad ecrease of the amounto fh ydrochloric acid with an increase of the residence time leads to incomplete conversion along with the formation of dibenzyl ether.
Subsequently,t he optimal conditions found for the reaction with benzyl alcohol were applied to other alcohols. The chlorides synthesized at 120 8Cw ithin 15 min residence time along with their yields are shown in Scheme 1. The chloride derivatives of alcohols are usually volatile because of the presence of weak intermolecular forces, therefore, the products werec ollected into as ealed vial with deuterated chloroform that contained an external standard (1,3-dimethoxybenzene) and later analyzed as such. In the case of the terminal alkyne 4-pentyn-1-ol, the formation of dark viscousa gglomerates with al ow yield of the chloride was observed. The reaction with tetrahydrofurfuryl alcohol resulted in the partial cleavageo fe ther and gave am ixture of mono-and disubstitutedc hloropentanes. If the same conditions were applied to 1,5-pentanediol, full conversion was observeda nd a1 9% yield of dichloropentane was formed. Aromaticc ompounds included in the scope differed in their solubility in the aqueous phase, which can explain the differences in yields in the substitution at the benzylic position. For solid compounds such as dodecanol, cyclohexanol, napthalenemethanol, diphenyl methanol, and cinnamyl alcohol, atoluene/acetone (2:1) solventcombination was used to afford solutions of 2.2 m.
Utilization of benzylchloride
Microflow technologya llows the connectiono fs ubsequent reactions to afford truly continuous operation with am inimum of manual handling. [34, 35] To see the potential in the application of continuous chloride synthesis, we connected the product stream of theb enzyl chloride forming reactiont oasecond reactor in which another nucleophilic substitution would take place.T he connectionr elied on continuous inline liquid-liquid separation, which occurred in aT eflon-membrane-based separator.Similarseparators have been used previously in multistep continuous syntheses. [36] [37] [38] The designa nd operation of this separator is described in the Supporting Information. For ac omplete separation, the correct pressure differences hould be appliedo vert he membrane to allow permeate to pass through the membrane without causing ab reakthrough of the retained phase,o ra lternatively, without carrying the permeate within the retentate. The use of a5psi (1 psi = 6.89 kPa) backpressure regulator at the aqueous outlet afforded perfect separation with no loss of benzyl chloride. Al oopo falarger volume( 35 mL) filled with hydrochloric acid wasu sed in this two-step synthesis to allow al onger uninterrupted operation. After three volumes of the reaction mixture passed through the reactor,s eparated benzyl chloride was collected in an Erlenmeyer flask (10 mL). The flow rate of benzylc hloride at the organic outlet of the liquid-liquid separatorw as 40 mLmin À1 (21 mmolh À1 ). Ac ollection time of 2hwas allowedb efore the product was pumped into as econd reactor by using another HPLC pump (Scheme 2).
We chose nitrogen-containing substrates as nucleophiles for the subsequentr eactionb ecause of their presencei nA PI structures. Thus piperazine, n-methyl piperazine, morpholine, [a] The experiments werep erformeda t1 20 8Ci nt he microcapillary-based setup (Scheme 1) with aqueousH Cl (36 wt %).
[b] The yieldsw ere calculated based on the GC-FID response with respect to 1,3-dimethoxybenzene as an internal standard.C alibrations werep erformed with correspondingc hloridesp urchased from Sigma-Aldrich.
[c] The presence of unconverted alcohol and dibenzyl etherwas detected.
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www.chemsuschem.org and ethyl isonipecotate were used as nucleophiles. In combination with benzyl chloride, piperazine wast he only insoluble substrate. The other substrates, even though miscible at first, resultedi np recipitate at the end of the reaction. Relatively high volumes of ethanol dissolved the products,w hich indicated the need for larger amounts of solventa nd lower concentrations. Diethyleneg lycol monomethyl ether (methyl carbitol) afforded homogeneousr eaction mixtures with relativelyh igh concentrations of products (1.1 m). For piperazine, the addition of water (methyl carbitol/water 2:1) was needed to keep the product dissolved. The homogeneity of the reactant and product mixtures allowed the translation of batch to continuous conditions. The reactiono fb enzyl chloridea nd n-methyl piperazine (1.2equivalents) at 120 8Cw ith 15 min residence time resulted in an 81 %c onversion of benzyl chloride and 100 %s electivity.The conversion increased to > 99 %i ft he temperature was increased to 160 8Ca nd residence time to 30 minw ith 1.5 equivalents of n-methyl piperazine. More detailso nt he optimization are given in the Supporting Information. The isolated yields obtained under these conditions are given in Scheme2.
Applications in API synthesis
The diphenylmethyl moiety is found widely in antiemetic, antimigraine, and antihistamine drugs. The diphenyl piperazine substratei sakey constituent of cyclizine,c innarizine,m eclizine, cetirizine, hydroxyzine, buclizine, dotarizine, and other drugs of the same family.T he ease to connect the synthesis of the chloride with as ubsequent reaction motivated us to expand the scope to commerciallya vailable APIs,s uch as cyclizine, cinnarizine, and 1-diphenylmethyl-4-benzylpiperazine, Scheme1.To p: Schematic representation of the setup used for the current investigation. Bottom:Chlorides synthesized with 3equivalents of HCl (aq) at 120 8Cw ith 15 minresidence time. Yields are determined by 1 HNMR spectroscopy with respect to 1,3-dimethoxybenzenea sa ne xternal standard.
Scheme2.Schematicrepresentation of the two-steps ynthesis. The synthesis of benzyl chloride is connected to its separation from the aqueous phase, which takes place in al iquid-liquid-membrane-based separator.The separated neat benzyl chloride is mixed with secondaryamines to undergoanother nucleophilic substitution. The collecteda nd isolated products are shownalong with the corresponding yield values.
ChemSusChem 2016, 9,67-74 www.chemsuschem.org which resemble meclizine and buclizine (Scheme3). Therefore, the synthesis and inline separation of diphenyl methyl chloride was optimized to pave away to these final compounds.
Synthesis of cyclizine
Cyclizine is an antihistamine used in the treatment of nausea, vomiting, and dizziness associated with motion sickness, vertigo, and consequences of anesthesia and the use of opioids.I ts chemicaln ame is 1-diphenylmethyl-4-methyl piperazine andi t is constructed by the nucleophilic substitution of diphenylmethyl chloride with n-methyl piperazine. The two-steps etup shown in Scheme 2w as used to connectt he formation of chlorodiphenylmethane to the stream of N-methyl piperazine to form cyclizine (Scheme 4). The solubility of diphenyl methanol was re-evaluated, and acetonep roved to be ab etter solvent, which resulted in ah igh concentration of 3.1 m.H igh concentrations are desired to minimizet he use of solvent. However,u pon mixing the streamo fd iphenylmethanol in acetone with hydrochloric acid, diphenylmethanol precipitated in the T-mixer because of the change in solution composition. The relatively low meltingp oint (69 8C) of diphenylmethanol allowed us to circumvent clogging by immersing the T-mixer in an oil bath. As ar esult of the highv olatility of acetone, alower temperature of 100 8Cwas set as the reaction temperature. As ar esult of the miscibility of acetone with water,t he mass transfer barrier between diphenylmethanol and hydrochloric acid was minimized, which led to as horter time required for the completion of the reaction. At 100 8Ca nd 10 min, the full conversion of diphenyl methanol was reached. The evaporation of acetoneu pon collection resulted in 97 % isolatedy ield of diphenylmethyl chloride. To perform as econd nucleophilic substitution to synthesize cyclizine, we pumped neat piperazine into the product stream and quenched with NaOH solution. However,t his resulted in clogging, thusw ed iluted n-methyl piperazine with methyl carbitol. As ar esult, the substantial formation of bisdiphenyl methyle ther was observedb ecause of the presence of water. Am aximum selectivity of 80 %t owards cyclizine was reached at full conversion from the screening of aw ider ange of operating conditions. Alternatively, as in the case of benzyl chloride, we connected the product stream of diphenylmethyl chloride to al iquid-liquid separator.T he application of 5psi to the aqueous outlet resulted in the breakthrough of retentate at the permeate outlet.T he application of ap ressure of 2psi by using an ultra-low-volume adjustable breakthrough pressure regulator (BPR) on the aqueous outlet with the attachment of tubing (20 cm, 250 mmi nternal diameter) to the organic side outlet gave ap erfect qualitative separation. Ac ontinuousr un on a7mmol h À1 scale was performed over 8h and resulted in the loss of 0.2 %o fo rganic phase into the aqueous phase. Karl Fischer titration indicated the presence 1.78 %o fw ater in the separated product.
Subsequently,t he product was pumpedi nto aT -mixer,i n which it was mixed with n-methyl piperazine (1.5 equivalents) in methylc arbitol to give af inal concentration of 1.5 m of diphenylmethyl chloride. At high temperatures, the partial hydrolysis of diphenylmethyl chloride was observed because of the presence of water.T herefore, we decreased the temperature to 100 8Ca nd increased the residence time to 45 min to reach full conversion. Transparent crystals precipitated upon cooling. The first crop resulted in 92 %y ield of cyclizine with high purity (> 99 %G C-MS). The evaporation of acetone and extraction of the resto ft he mother liquor afforded 2% more cyclizine. Impurities detected in the motherl iquor were diphenylmethanol and bisdiphenyl methyl ether.
Synthesis of meclizine and buclizinederivatives
Meclizine and buclizinea re alike in terms of their chemical structures and are built from 1-chloro-4-phenylmethyl benzene, piperazine, andb enzyl moieties. 1-Chloro-4-phenylmethyl benzene resembles ad iphenyl methyl moiety,t herefore, we decidedt ob uild 1-diphenylmethyl-4-benzylpiperazine as ac ommon derivative. As chematic representation of the overall synthesis is shown in Scheme 5. More detailso nt he assembly of the setup and its operation are provided in the Supporting Information. The synthesis and separation of diphenyl methyl and benzylc hlorides was performed as described above.W es tartedt he synthesis of 1-(diphenylmethyl)piperazine with the conditions we used for benzylc hloride (methyl carbitol/water 2:1). However,a tt he full conversiono fc hlorodiphenylmethane, only am inor formation of 1-(diphenylmethyl)-piperazine (< 15 %y ield) was formed,a nd the major products were {[2-(2-methoxyethoxy)ethoxy] methylene} dibenzenea nd Scheme3.Generic APIs based on diphenylmethyl piperazine used to treat nausea,v omiting, cerebrala poplexy,and dizziness.
Scheme4.Synthesis of cyclizine in continuous flow from diphenylmethanol.
ChemSusChem 2016, 9,67-74 www.chemsuschem.org diphenylmethanol. Similarr esultsw ere obtainedi fe thanol and methanol were used as solvents. We concluded that because of the higher steric hindrance of diphenylmethyl chloride than that of benzylc hloride, nucleophilic substitution by smaller molecules, such as water or alkoxides,w as faster.A lternative organic solvents such as toluene,h eptane, DMF,a cetonitrile, dimethoxyethane, methyltetrahydrofuran, 4-methylpentanone, acetone, dichloromethane, and various combinationsc ould not dissolve piperazine. Ac ombination of dichloromethane and acetone (4:1) dissolved piperazine with am aximum concentrationo f1 .26 m.H owever,t he mixture was metastable and led to the precipitation of piperazine if it was pumped through the reactor tubing. Therefore, we switched to THF,w hich dissolved piperazine with concentrationso nly up to 0.5 m.N evertheless, precipitation within the reactor was still observed. We switched to at ubularr eactor with al arger internal diameter of 1.58 mm to allow the visual observation of the precipitate formation. We stopped the reactiona nd pushed out the precipitate to see that it was unreacted piperazine. One of the causes for the precipitation could be bubble formationw ithin the reactor followed by ad ecrease of available solventb ecause of evaporation, which would cause the precipitation of piperazine. Thus, we increased the pressure from the 100 psi required theoretically to 250 psi. As ar esult less precipitation was observed. The fact that the crystals formed towards the end of the reactor led us to believe that it might be piperazine hydrochloride or 1-(diphenylmethyl)piperazine hydrochloride. We mixed water into the product stream to dissolve the unreactedr eactant to allow the optimization of the reaction. If the conversion was incomplete, diphenyl methanolw as formed upon mixing with water at theo utlet. As ar esult of al ower concentration and the use of an onpolar solvent, the reactionw as slower.F ull conversionw ith9 2% selectivity towards 1-(diphenylmethyl)piperazine was observed at 150 8C with 45 min of residence time and 1.5 equivalents of piperazine. Finally,n op recipitation was observedi fw ater addition stoppeda fter two volumes of the reactants had passed.
Subsequently,t os ynthesize buclizine and the meclizine derivative, 1-(diphenylmethyl)piperazine needed to react with the synthesized and separated benzyl chloride. Before the flow experiments, batch investigationss howed the precipitation of the product from the reaction mixture. Methanol, used in an equivolumetric amount with respect to the product mixture, was sufficient to afford homogeneity.T hus, methanol along with 2.0 equivalents of benzyl chloride were injected into ap roduct stream of 1-(diphenylmethyl)piperazine through Scheme5.Schematicrepresentation of the four-steps ynthesis with tabulated conditions. The synthesis and separation of chlorides are connected to the subsequentr eactions. The two stepso ft he buclizine derivative and cinnarizine were the same. To differentiate the rest of the sequence cinnarizine reagents are highlighted in dashed rectangles.
ChemSusChem 2016, 9,67-74 www.chemsuschem.org ac ross (Scheme 5). At 100 8Ca nd 15 min residence time, 67 % yield waso bserved. This yield could be furtheri ncreased to 71 %i ft he temperature was increased to 120 8C. An increaseof the temperature to 150 8Cr esulted in the full conversion of 1-(diphenylmethyl)piperazine, and ay ield of 89 %b ased on diphenylm ethanolw as obtained. Benzylp iperazine, dibenzylpiperazine, benzyl alcohol, and benzyl methyl ether were formed as byproducts in the final product mixture.I solated yield experiments were performed withoutt he addition of the internal standard. To separate the product, all volatile solvents were removed from the collected sample. Water wasa dded to the product, and the pH was adjusted to < 3. Ethyl acetate was then used to extract the excesso fb enzylc hloride and formed benzylm ethyl ether.S ubsequently,t he pH of the aqueous phase was adjusted to 4w ith acetic acid/sodium acetate trihydrate buffer.A tt his point, secondary aminesw ere extracted into the aqueous phase. The evaporation of ethyl acetate followed by the recrystallization of 1-diphenylmethyl-4-benzylpiperazinefrom EtOH afforded 87 %i solated yield.
Synthesis of cinnarizine
To synthesizec innarizine, 1-diphenylmethyl piperazine needed to react with the synthesized and separated cinnamyl chloride. The optimal conditions for benzyl chloride synthesisw ere not optimal for the synthesis of cinnamyl chloride. Lower temperatures, 60 8C, gave ah igher selectivity and am aximum yield of 95 %y ield at 5.0 m concentrationi nt oluene. Batch investigations showedt hat homogeneous conditions were afforded if the final reactionw as performed in as olutiono fe qual volumes of acetone and 25 wt %N aOH in water.T herefore, the solution and 2.0 equivalents of cinnamyl chloride were injected into ap roduct streamo f1 -(diphenylmethyl)piperazine through ac ross without its intermediate separation. At 100 8Ca nd with 15 min residence time, a7 7% yield was observed, and an increase of the time to 30 min led to the full conversion of 1-(diphenylmethyl)piperazine and an 85 %y ield of cinnarizine based on diphenyl methanol. Isolatedy ield experiments were performed without the addition of an internal standard in as imilar manner to the synthesis of 1-diphenylmethyl-4-benzylpiperazine. MeOH was used for the recrystallization of cinnarizine to afford an 82 %i solated yield.
Conclusions
We have demonstrated as implification and acceleration of chemicalr eactions with the help of microflow technology. Bulk alcohols were used in as equence of nucleophilics ubstitution reactions to build meclizine, ab uclizine derivative, and commerciallya vailable cyclizine and cinnarizine. Our continuousflow protocol delivered an excellent yield of benzylc hloride in 15 min residence time under superheated conditions of 120 8C and 100 psi using hydrochloric acid as the chlorinating agent. The same conditions were applied to aw idev ariety of aliphatic and aromatic alcohols.
To connect chlorodehydroxylation reactions to as ubsequent reactions tep, am embrane-basedl iquid-liquid separatorw as designed and integrated in the reactor network. This allowed the separation of intermediate chlorides and their consumption in the construction of the target molecules. Overall four steps were realized in 90 min with good yields at ap roduction rate of 2mmolh À1 of final products. As ar esult of its corrosive nature, hydrochloric acidh as to be isolatedf rom the pumps and was delivered through al oop, which has to be refilled while the continuous operation of chlorination steps is paused. Therefore, the greatest limitation of this methodi st he supply of hydrochloric acid.AHCl gas supply could revolutionize the synthesis, however, its supply into am icroflow environmenth as not yet been developed. The methodology demonstrated herein allows an easy and accessibleroute to chlorides.
Experimental Section
Operating platform:T he working setup used in the current investigation was built from acid-resistant HPLC pumps, fluorinated ethylene propylene (FEP) tubing, and inline BPRs. The use of the HPLC pump for hydrochloric acid resulted in am alfunction of the pump. After as hort operation time, the pump would stop delivering the acid to the reactor.U pon purging the pump, gas slugs were observed, which led to the conclusion that the pump malfunctioned because of the accumulation of hydrogen chloride gas within the pump head. Thus, HCl loops of 6mLa nd later of 35 mL (Scheme 1, top) filled with concentrated hydrochloric acid (36 wt %) were used as the HCl source. Alcohols were pumped in their neat form and mixed with HCl within ap olytetrafluoroethylene (PTFE) T-mixer. Ar eactor with an inner diameter of 762 mma nd volume of 2.2 mL was used. The volume could be increased by using more tubing, however,t om inimize the use of chemicals, we kept it average. Finally,b ecause we started investigations at 120 8C( superheated conditions), aB PR was added to avoid boiling within the reactor.A stream of NaOH (25 wt %) was introduced before the BPR to avoid its corrosion. More information regarding the setup is provided in the Supporting Information.
Synthesis of alkyl chlorides:A ll of the pumps were purged with isopropanol. BPRs with cartridges of 1000 psi were attached immediately after the pressure sensors of the HPLC pumps to ensure ac onstant flow at lower flow rates. Neat alcohol substrates were used as received from as upplier.P umps were purged with substrate, water,a nd 25 wt %N aOH, respectively.T he HCl loop was filled with HCl from as yringe with al uer adapter.W ith the syringe still attached to one end, another was connected to the T-mixer, and the first end was connected to au nion. Water was pumped into the loop to deliver HCl to the reactor through aT -mixer.S ubsequently,t he pumps were set to the required flow rates and the entire setup (tubing) was filled with the fluid. The BPR was attached, and the capillary reactor was immersed into ah eating bath (IKA) at the operating temperature. The residence time was varied by adjusting the flow rates while the reactor volume was kept the same (2.2 mL). Flow rates were recalculated for each substrate based on their molecular weight and density.F or benzyl alcohol with 15 min residence time, benzyl alcohol, HCl, and NaOH solution were pumped at 40, 110, and 410 mLmin À1 ,r espectively.T he HCl loop was refilled after 80 %o ft he initial volume has been used. Before the refill, the capillary reactor was cooled to RT,a nd the nut of the union was unscrewed to refill the loop.
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Utilization of benzyl chloride and two-step synthesis:A ll five pumps were purged with isopropanol. The 35 mL HCl loop was filled with HCl from as yringe with al uer adapter.W ater was pumped into the loop to deliver the HCl. Thymol Blue was added to 25 wt %N aOH solution to assess the separation efficiency at the liquid-liquid separator visually.T he outlet of the reactor BPR was connected directly to the liquid-liquid separator.
The separator was based on two ethylene tetrafluoroethylene inserts. Both inserts had an identical channel in the shape of an ellipse with 1mmd epth. The upper insert had two ports, one for the inlet of am ixture and another for the outlet of aqueous phase. The lower insert had only one port for the outlet of the organic phase. Extra space was created next to the operating channel to detect leakage caused by the overpressure of the unit. The upper limit of the unit was 250 psi. AZ efluor membrane, available from Pall Corporation, was squeezed between the inserts. Twos tainlesssteel holders were used to create as hell for the separator.Apicture and at echnical drawing of the device are given in the Supporting Information. Pressure over the membrane was applied by connecting BPRs to the outlets of the separator.AB PR with 5psi cartridge was connected to the aqueous outlet and resulted in ap erfect separation with no loss of benzyl chloride, confirmed by collected volumes of the permeate and retentate.
After three volumes of the reaction mixture had passed through the reactor,t he separated benzyl chloride was collected in an Erlenmeyer flask (10 mL). Af eed tube for the other pump was immersed into the flask in which the benzyl chloride was collected. The pump delivered separated benzyl chloride to aT -mixer in which it was mixed with methyl piperazine in methyl carbitol (1.5 m). Optimization consisted of screening the effects of temperature, residence time, and the amount and concentration of methyl piperazine. 1,3,5-Trimethoxybenzene was used as internal standard and was added to the methyl piperazine solution. The yield was calculated based on the internal standard from aG Cw ith flame ionization detection (FID) response. At emperature of 160 8C, 30 min, and 1.5 equivalents of methyl piperazine were optimum and resulted in an isolated yield of 97 %.
Synthesis of 1-diphenylmethyl-4-benzylpiperazine:A ll eight pumps were purged with isopropanol. Reactors with as maller volume were prepared for synthesis of chlorides because of the insufficient number of pumps and the need to use the HCl loop for both chlorinations. Diphenyl methanol was dissolved in acetone at 3.1 m concentration. Four pumps were purged with diphenyl methanol solution, water,b enzyl alcohol, and 25 wt %N aOH. Subsequently,t he pumps were set to the required flow rates. The diphenyl methanol pump was set to 0.035 mL min À1 to allow a1 0min residence time in the 1.0 mL reactor and 15 min in the 1.5 mL reactor.T he water pump was set to 0.138 mL min À1 to deliver HCl to both of the reactors. In this way,b enzyl alcohol pumped by third pump at 0.025 mL min À1 received 7% less of the HCl required theoretically,t hat is, 2.9 equivalents with respect to benzyl alcohol. However,t his was sufficient for af ull conversion, and no loss of performance was observed. Reactor outlets were connected to T-mixer to be mixed with NaOH (25 wt %) pumped by the fourth pump at 0.4 mL min À1 .T he third ends of the T-mixers were connected to BPRs of 100 psi, which were connected to two liquid-liquid separators. The adjustable BPR (M-410) was connected to the aqueous outlet of the diphenylmethyl chloride separator to apply 2psi, and the product was collected on the organic outlet through at ubing of 20 cm with 250 mmI D. Meanwhile, the BPR with a5psi cartridge was connected to the aqueous outlet of the benzyl chloride separator.B oth reactors were then immersed in heating baths, and after 30 min of operation diphenylmethyl chloride was collected, whereas benzyl chloride was collected after 45 min. After 2h of operation, the inlet tubing for the fifth pump was immersed in the collection flask of diphenylmethyl chloride, and the flow rate was set to 1mLmin À1 for 3min to fill the inlet tubing (1.5 m, 1/16" ID, 1/8" OD). Pump 6w as purged with 0.5 m of piperazine solution. Next, the flow rate of the fifth pump was set to 0.013 mL min À1 ,a nd pump 6w as set to 0.12 mL min
À1
.P ump 7 was set to 0.15 mL min À1 to pump MeOH into the cross, and the inlet tubing of pump 8w as filled with collected benzyl chloride and set to 0.01 mL min
.T he reactor tubing for both reactors (6 and 4.4 mL) was filled with THF with as yringe, and the reactors were connected to ac ross. As econd reactor of 4.4 mL was connected to the 250 psi BPR at another end. Both reactors were then immersed into one heating bath. The product was collected after 150 min from the start of the heating of the reactors. The collected product was separated from all volatile solvents by using ar otary evaporator.W ater (5 volumes) and ethyl acetate (5 volumes) were added to the collected sample and the pH was decreased to 3b y the addition of HCl. Ethyl acetate was then used to extract the excess of benzyl chloride and formed benzyl methyl ether.S ubsequently,t he pH of the aqueous phase was adjusted to 4w ith acetic acid/sodium acetate trihydrate buffer.A tt his point, the secondary amines were extracted into an aqueous phase. The evaporation of ethyl acetate followed by the recrystallization of 1-diphenylmethyl-4-benzylpiperazine from EtOH afforded an 87 %i solated yield.
